Over the last two decades, identification of polymorphisms that influence human diseases has begun to have an impact on the provision of medical care. The promise of genetics lies in its ability to provide insights into an individual's susceptibility to disease, the likely nature of the disease and the most appropriate therapy. For much of its history, pharmacogenetics (PGx-the use of genetic information to impact drug choice) has been limited to comparatively simple phenotypes such as plasma drug levels. Progress in genetics technologies has broadened the scope of PGx efficacy and safety studies that can be implemented, impacting on a broad spectrum of drug discovery and development activities. Recent PGx data show the ability of this approach to generate information that can be applied to dose selection, efficacy determination and safety issues. This in turn will lead to significant opportunities to affect both the approach to clinical development and the probability of success-the latter being an important aspect for pharmaceutical companies and for the patients who will benefit from these new medicines.
INTRODUCTION
The last twenty years have seen unprecedented international research programmes endeavouring to identify polymorphisms that are either causative of, or affect the susceptibility to, human disease. The programmes are beginning to have a visible impact on medical care in a growing number of ways. Firstly, in the late 80s and 90s, identification of causative mutations of monogenic diseases and the subsequent correlation studies linking phenotype and genotype have resulted in much greater definition of the subclassification of these diseases. The resulting genetic sub-classification of many of these diseases has allowed clarification of their phenotypic heterogeneity and pathogenesis (Weatherall 2001) . This knowledge has greatly facilitated implementation of effective prevention programmes around the world, significantly reducing the impact and burden of some of these diseases. This genetic knowledge has also provided scientific insight into possible therapies for diseases such as Huntington's disease, thalassaemias and muscular dystrophies. The more recent project to sequence the human genome has resulted in the identification of most of the human DNA sequence. This sequence information, coupled with the more recent publication of high density single nucleotide polymorphism (SNP) maps and other tools in genomics, bioinformatics, RNA expression and proteomics, has allowed the application of these new tools to more complex disease phenotypes, such as the more common disorders and inter-individually variable drug responses. This variability in drug response can take various forms but the new technologies allow insights into both variable efficacy and susceptibility to adverse events. The promise of these new technologies (the 'new genetics') lies in the potential to provide insight into an individual's genetic make-up and infer susceptibility to a given disease, as well as to understand and predict specific kinds of associated pathology (for example, vas deferens pathology in cystic fibrosis) and enable better therapeutic decision-making. Overall, this knowledge of DNA variations in an individual patient can-in combination with other clinical information-contribute to well-informed medical action.
Furthermore, other fields of medical science have also made significant progress in recent years, with considerable opportunity for synergistic benefits when they are combined with genetic information. For example, the recent availability of a number of imaging and molecular technologies allows for a more accurate diagnosis of the individual's physiological and pathological status. These technologies include structural imaging techniques that can now go far beyond crude anatomical structure to real-time visualization of biochemical and physiological processes in vivo, revealing correlations with behaviour, disease and treatment (such as functional MRI; Hariri & Weinberger 2003) . What was recently remarkable is now routine-for example, pharmacological events can be observed in vivo using MR spectroscopy, positron emission tomography (PET) and single photon emission computed tomography (SPECT). Human biological processes-and their perturbation in disease-can be further examined by an increasingly sophisticated array of molecular tools exploring transcriptomic, proteomic and metabolomic phenomena (Plumb et al. 2003; Campbell & Ghazal 2004) . All in all, recent technological advances have allowed previously undreamt of opportunities to explore the basis of human pathology.
The application of these molecular, genomic and imaging technologies will also provide new opportunities to explore the heterogeneity which patients clearly exhibit (which exists within the current diagnostic definitions) and provide a more accurate understanding of individual patients. This inter-patient variability is one of the key challenges in medicine and greater insight into this is critical to increasing the probability of successfully treating patients as they present to physicians.
It is important that the widely used term 'personalized medicine' is not misunderstood. While it could mean development of 'tailored' medicines to suit each patient-which is clearly impractical-it is more accurate to consider the term to represent a greater use of 'personal' medical information (arising from the application of emerging technologies) to increase the efficiency of both disease diagnosis and patient treatment. It has to be acknowledged that the contribution of confounders such as environmental variables (e.g. stress, diet, other medications) will to some degree limit the accuracy of the prediction; however, a major improvement in the probability of finding the right treatment for a given patient is eminently possible with the new information being generated today. The end result will be a reduction in 'trial and error' prescribing by the physician as a result of the new knowledge base and, of course, great benefit to the patients through improved efficacy and fewer side effects.
Among the panoply of new technologies described above, this paper will focus on the application of pharmacogenetics (PGx), currently the most advanced-and one of the most promising-of the emerging biomarker technologies for addressing the issues associated with variable response to medication. Unfortunately, nomenclature in this field is complex and confusing with many different definitions of the different terms. In this paper, we use the term 'pharmacogenetics' to refer to the study of interindividual variations in the DNA sequence that are related to drug response, efficacy and toxicity (CPMP Position Paper on Terminology in Pharmacogenetics). (The related term 'pharmacogenomics', PGm, is usually employed in a broader sense that includes genome-wide variations and potential complex interactions as well as alterations in gene expression and post-translational modifications (e.g. proteomics) that correlate with drug response.) The development of PGx is associated with a number of issues that are relevant to the application of a range of other molecular or imaging technologies; hence PGx is used to show how the practice of medicine will change in the future. Pharmacogenomics-especially the use of gene expression patterns-is a rapidly developing technology with enormous potential that is only just being realized in the field of oncology, although it also has many potential applications elsewhere. In particular, the scope of this technology is enhanced by publications showing that changes in gene expression profiles in peripheral leucocytes may correlate with drug response in body systems not traditionally thought to be related to these immune-focused cells (e.g. Chon et al. 2004) .
The science of PGx is approaching a major milestone-it is nearly 50 years since the word was first coined to describe the inheritance of an aberrant drug metabolism (Vogel 1959) . Progress in the science in subsequent decades has been most impressive, particularly so in the last few years (Roses 2002; Goldstein et al. 2003) : in fact, all aspects of genetics researchincluding PGx-have been transformed by major developments in the essential technologies, underpinning a qualitative leap in our ability to understand the basis of variable response to medicines.
For much of its history, PGx has focused on studying the relation between DNA variants-especially in the genes coding for the body's drug absorption, metabolism and excretion system-and a medicine's pharmacokinetic profile. Pharmacokinetics refers to the analysis of how the active drug molecules are made available in the bloodstream, transported to the relevant target organ and subsequently metabolized and excreted. The effects of the drug molecule at its molecular target and the subsequent signalling or metabolic events that determine any therapeutic effect are facets of the medicine's pharmacodynamics. There are very real and practical reasons why pharmacokinetics has been the first drug response phenotype to be explored: this phenotype-concentration measurements of the drug and its metabolites in body fluids such as plasma or urine-is easily and accurately measured, the number of genes involved is somewhat limited (so the amount of genotyping required is small-certainly by today's standards) and the magnitude of the genetic variation and its penetrance is usually high (analogous to single gene disorders). Analysis of more complex phenotypes, such as the pharmacodynamic properties of a medicine or the basis for idiosyncratic toxicity not related to abnormal plasma levels, has only recently been possible as such studies required significantly more complex genetic analysis that was beyond the reach of these earlier technologies.
However, key technology improvements have been pivotal to making possible a wide range of pharmacogenetic efficacy and safety studies. Firstly, the completion of the human genome sequence has had a major impact: this key development has been central to the almost exponential increase in all human genetics activities, with PGx being no exception (Subramanian et al. 2001) . Secondly, SNP-based high-throughput genotyping methods and platforms have led to a dramatic increase in both the capacity and speed of genotyping, together with a significant drop in the associated cost per genotype. The ability to genotype SNPs that are accurately positioned using reliable highdensity maps (http://snp.cshl.org/) has now made genome wide scan (WGS) association studies a reality. These tools are critical in PGx, where family-based linkage analyses are highly impractical and rarely possible. In particular, the ability to carry out genome-wide association analyses allows PGx analyses to take advantage of the type of hypothesis-free genetics that family based linkage studies have been able to access for a number of years. The most recent-and still evolving-contribution to the technology progress is the HapMap, which will simplify genetic analysis by allowing SNP clustering according to their linkage disequilibrium relationships. This will facilitate selection of the most informative SNPs for genotyping, so that redundant or non-informative assays are avoided. It must be borne in mind, however, that these technology developments are now capable of generating such massive datasets that this creates new problems in data management and compensation for multiple testing, requiring modified statistical analysis techniques and the application of new data mining and pattern recognition methodologies.
(a) PGx applications: increased efficiency of pharmaceutical research and development The last decade has seen remarkable technological developments in many sectors of biological and medical research. However, drug research has incorporated only a few novel developments, despite the commitment of considerable resources from pharmaceutical companies. This resource spending has had little impact on the productivity of the pharmaceutical industry: in fact, the industry has submitted 50% fewer new drug applications to the US Food and Drug Administration (FDA) in 2002-2003 compared with 1997-1998 , whereas investment in research has increased over twofold in the same period (Lesko & Woodcock 2004) . A critical challenge for the industry is to increase its productivity and focus on introducing novel strategies aimed at enhancing early stage discovery as well as the efficiency of decision making throughout the research process (Roses 2004 ).
(i) From gene to target to candidate selection In the late 1990s, it was widely expected that the Human Genome Project would quickly lead to thousands of new potential pharmaceutical targets. This led to a host of genetics research ventures aimed at target identification for a variety of the most common diseases, mainly driven by the comparatively new (at the time) biotechnology sector. Most of these undertakings were based on the somewhat naïve extrapolation from successful gene discoveries in the rare, highly penetrant single gene diseases: it is clear that this somewhat simplistic approach significantly underestimated the inherent complexities of common diseases that increase the difficulty of identifying susceptibility genes. Furthermore, the difficulties in moving from a genome sequence derived from genetic research to disease-relevant, 'tractable' (i.e. amenable to chemical screening) targets which are conducive to subsequent pre-clinical drug discovery approaches were nearly always overlooked (Roses 2004) . Tractable targets include members of families that have been demonstrated as being able to be modulated by suitable chemical ligands to produce beneficial therapeutic effects, such as the 7-transmembrane-or nuclear receptor-families. The number of known tractable targets has increased more than twofold in the last few years, from an approximate number of 500 to well over 1000. This was mainly the result of the availability of new sequence information from the Human Genome Project, together with the application of novel bioinformatic technologies that permit more accurate identification of coding sequences that bear similarities to gene classes that can be screened as well as more rapid exploration of gene pathways (Debouck & Metcalf 2000; DeFife & Wong-Staal 2002; Searls 2003) . During the same period, our understanding of the molecular mechanisms underlying disease heterogeneity, gene-gene and gene-environment interactions is steadily increasing, as evidenced by the numbers of peer review publications in the international scientific literature and fuelled by the increasing armamentarium of high-throughput genotyping, data analysis and related technologies. Novel approaches for highthroughput experiments to discern associations between disease and disease traits with large numbers of tractable drug targets are now available (Roses et al. 2005) .
(ii) From selecting a candidate to the clinic The decision as to which molecules should progress from preclinical development into studies in humans is a pivotal point in the pharmaceutical development process that has tremendous implications in terms of financial costs, time and effort. This 'critical path' is defined as the path from candidate selection to an optimized drug. This firstly necessitates a series of (mostly animal) experiments to accumulate sufficient evidence of therapeutic effect and safety (preclinical phase), followed by (for a 'successful' molecule that manages to clear these hurdles) use in healthy and unhealthy human volunteers in clinical trials designed to determine the efficacy and safety of the medicine. The clinical testing prior to registration of a medicine is divided into different stages as experience of the molecule is gained during development (see table 1 ).
Clinical studies are based on a statistical model of frequency, aiming at compiling evidence of efficacy and safety through the use of the drug in large numbers of patients. These numbers are needed to overcome many issues such as disease heterogeneity, partial understanding of underlying disease mechanisms, variability in drug responses, placebo effects and so on. Currently, the failure rate of potential products in development is more than 90%: the main causes of this being poor efficacy and sub-optimal safety. This 'pipeline attrition' has an enormous cost-both financially and timewise-as the average cost of developing a market product is estimated to be in excess of $800 million (DiMasi et al. 2003) and the average time from first screening to marketing varies from between 8 and 15 years. The large-scale phase III trials consume the majority of these resources and also represent up to 50% of the overall attrition (Gilbert 2003) . There is a burgeoning recognition that novel approaches and tools such as PGx may enable exploration of the pathophysiological mechanisms underlying differences in drug response and reduce attrition (Lesko et al. 2003) . Pharmacogenetics can be applied either retrospectively or prospectively. Retrospectively PGx looks back over results of clinical trials, using genotype data to generate insights into issues such as the kinetic and dynamic properties of drugs, efficacy and adverse Pharmacogenetics in drug development A. D. McCarthy and others 1581 events. Prospective PGx allows proactive identification of patient subgroups (e.g. disease subtypes or poor metabolizers) that would be predictive of either positive or negative responses to a drug. If such data were available before or between phase IIa and IIb trials, this would significantly shorten and simplify phase III and increase the probability of success (Lesko & Woodcock 2004) . Furthermore, the ability to prospectively identify subgroups of patients by therapeutic response during early phase II development would permit the progression of multiple compounds that can treat overlapping groups of patients with the same disease sub-component (Roses 2004) .
It is important to differentiate between the application of PGx for safety and efficacy outcomes. It is undoubtedly the case that the efficacy of a medicine is strongly impacted by genetic variation but it is also affected by factors such as environmental influences (such as compliance, diet or other medicines) and placebo response. This means that PGx efficacy is unlikely to be completely deterministic at an individual level but will have a critical role in significantly increasing the probability of effective response for identified subgroups of patients. In contrast, safety PGx is focused on the individual, with specific decisions about whether or not to prescribe a medicine based on genetic information predicting rare dangerous events and common adverse effects (AE).
(iii) PGx and drug pharmacokinetics As mentioned earlier, the first use of PGx from the 1950s onwards was to explore genetic variants that affected pharmacokinetics-especially the metabolism of drugs as this appears to limit the rate at which many medicines are cleared from the body (Daly 2003) . The first PGx phenotype studied was toxicity in patients that was due to excessive exposure to medicines and a severely reduced rate at which medicine was cleared from the body. Figure 1 gives an example of the type of variable pharmacokinetics that can be seen in phase I studies.
Each line represents the serum concentration over time for an individual subject. While most subjects cluster with similar peak concentrations and time course, there are unusually high exposures in a couple of patients and low exposure in one patient. There are a number of reasons for such variability, (e.g. diet etc but phase I studies attempt to minimize variation in these environmental variables); however, polymorphic variation in the drug metabolising enzymes is a fundamental variable to consider.
The principles underpinning the design of such PGx experiments have remained essentially the same for many years, although the current analyses are inevitably more sophisticated reflecting recent progress in genetic technology and understanding. For example, we are much more aware of the range of enzymes and transporters involved in drug disposition and clearance. Absorption and distribution (not just metabolism of drugs) are better understood and the relevant alleles are well characterized, as well as their distribution in different ethnic groups (Lin et al. 1996 (Lin et al. , 2001 . 
Phase I trials
These comprise the first exposure of humans to a putative medicine and are intended to explore pharmacokinetic parameters and ensure that there are no grossly unacceptable safety or tolerability issues. Typically up to 100 individuals may take part in a series of studies aimed at generating information on pharmacokinetic parameters such as bioavailability, the rate and route of clearance and any signs of drug-drug interactions. Phase II studies These are conducted in patients and look to establish an initial indication that the compound is effective. The studies (which may involve up to 1000 individuals) are sufficiently large that some safety signals may be apparent, especially so-called 'nuisance' or quality of life (QOL) side effects such as reversible changes to liver function tests. Establishing key efficacy (and safety) parameters is a crucial part of the phase II studies. Phase III studies These large trials, costing tens or even hundreds of millions of pounds, provide the most convincing evidence of efficacy and safety to support a regulatory submission. To minimize bias and variability, they are usually randomized controlled trials (RCT). For example, the double-blind RCT model, where neither the physician nor the research subjects know which arm of the study (active drug or placebo/standard care) the patient is assigned to, is the phase III 'gold standard'. Owing to the size of these studies, less common adverse events may become apparent. Phase IV Once a medicine is registered, it can be used by a much wider population of patients. At this stage (phase IV ), rare adverse events may be identified that could not be discovered during clinical development: even the large pivotal phase III studies lack the power to detect adverse events occurring at rates less than 0.1% may appear straightforward, we need to be aware of complexities that may impact the interpretation. For example, environmental confounders (such as smoking) can affect CYP expression and change the metabolic route. The ability of grapefruit juice to impact the clearance of drugs such as anti-hypertensive calcium channel blockers is well described. The whole area of drug-drug interactions shows the complexities that can be observed. It has been estimated that 6% of patients on two medications experience adverse drug reactions (ADRs), whereas ADRs are reported by 50% of those on five medications and nearly 100% of those on 10 medications. A major cause of these reactions is changes produced by one drug in the metabolism of another through P450 pathways. Guzey et al. (2002) describe a case wherein a CYP2D6 extensive metabolizer became a phenotypically poor metabolizer during treatment with the potent 2D6 inhibitor bupropion, demonstrating the complexity of assessing the exact causes of ADRs. However, despite almost 50 years of research, PGx applications have yet to have a significant impact on clinical practice. For example, it is well established that CYP2D6 poor metabolizers have increased biological exposure and increased risk of adverse events to a variety of commonly prescribed medicines. However, these observations have not as yet resulted in CYP2D6 testing being a routine part of the prescribing practice or even being recommended as such. Despite the extensive research literature, there is a shortage of clinical outcome studies that demonstrate the clinical benefit of such interventions. This lack of clinical utility data makes it difficult for physicians to apply this information in their prescribing decisions. Suitable prospective studies (e.g. looking at the effect of genotyping CYP2C9 on warfarin dosing and bleeding events) are now being initiated, and the results from such studies-although not available for several years-will be critical if PGx is to make significant inroads into medical practice.
Although prescribing practices have not yet been significantly altered, PGx information is starting to appear in the label information provided when the drug is dispensed. In the USA, labels for atomoxetine and 6-mercaptopurine provide the physician with information regarding the metabolism of these medicines by polymorphic enzymes (CYP2D6 and thiopurinemethyl transferase, respectively). Physicians are alerted in the label that tests are available to identify poor metabolizers but the physicians are not required to carry out these tests prior to prescribing these medicines (Lesko et al. 2003) .
The application of PGx to study pharmacokinetics is nonetheless a strong focus of attention at the moment, as drug regulatory authorities are actively exploring PGx tools to better understand drug exposure (and, in particular, toxicity), utilize this information more widely in selecting drug doses for development and make this information available to physicians. For example, the US FDA and Japanese Ministry of Health, Labour and Welfare have already released draft guidelines relating to genomic data submission (Lesko et al. 2003) and the Committee for Proprietary Medicinal Products in Europe has a PGx expert group to address these issues.
(iv) PGx of drug efficacy In addition to its direct clinical impact on patients and healthcare systems alike, variable efficacy is also an important issue for drug development. Failure to show efficacy in phase II studies is the most common reason for terminating the development of medicines. As has been noted above, the large phase III studies required to establish safety and efficacy are very expensive; therefore, if more information could be extracted from earlier, smaller phase II studies to more clearly define the efficacy of a candidate medicine, then valuable time and resources would be saved during phase III. In fact, the variable efficacy of medicines, even in apparently homogeneous patient groups recruited in phase II studies, can obscure true and significant efficacy in a subset of patients, thus leading to inappropriate termination of the compound. A major challenge in PGx efficacy is that, in contrast to the more 'single gene' character of the pharmacokinetic PGx described above, the efficacy phenotype is likely to be multigenic and potentially confounded by environmental factors, and thus require more research to be fully clinically applicable.
Nonetheless, efficacy prediction is a hugely promising area for PGx (see table 2). By using genetic and other biomarkers to identify appropriately responding subgroups in phase II studies, compounds that are effective in patient subgroups may be developed further, significantly increasing the delivery of new medicines to meet unmet patient needs and increasing the productivity of pharmaceutical research and development. The critical issue is whether the phase II studies are appropriate to generate robust PGx data that can be reliably used to support the further development of compounds. Although published data are scarce, some initial findings seem promising.
The example of Herceptin (trastuzumab) highlights how a pharmacogenetic test can be used to progress medicines through the research and development pipeline. Over-expression of the ErbB2 gene is associated with increased tumour aggressiveness and poorer prognosis. Herceptin-a humanized monoclonal antibody against the ErbB2 receptor-is now approved for the treatment of breast cancer (Vogel & Franco 2003; Noble et al. 2004) . Retrospective examination of the clinical trials of Herceptin showed that a positive response was more likely in patients with tumours over-expressing ErbB2. So the measurement of ErbB2 over-expression can be used to assess whether treatment with Herceptin is appropriate. The availability of a test for a subgroup with a higher probability of responding to treatment with Herceptin allowed this drug to progress through further studies to approval. The same paradigm has recently been applied to understand the response of lung cancer patients to Iressa (gefitinib), where a positive response is closely associated with the presence of activating mutations in the drug target (EGFR) in the tumour (Lynch et al. 2004) . These striking results have had an immediate effect on the way clinicians assess the role of gefitinib in cancer treatment. They will also have an impact on the questions that regulatory authorities require to be answered during drug development.
In another example in a recent phase II study of a GlaxoSmithKline anti-obesity compound, analysis of all of the patients treated showed less efficacy than that reported in the literature for the current 'gold standard' therapies. However, PGx analysis using candidate genes based on the compound's target and putative mechanism of action showed association between three PGx markers and weight loss during the study. Using the presence of any one of these alleles to identify a subgroup, 36% of the patients could be clustered to show significantly greater weight loss. The dose response in the whole ('ITT') patient group and the PGx-defined subgroup ('PGx') is shown in figure 2 .
Analysis of a subsequent phase II study with a different anti-obesity compound showed a revealing histogram of patient numbers versus response (figure 3). Although the average response in the placebo group was 0% change, there was considerable variation even in eight weeks. Most of the treated patients showed some benefit, while there were some who showed much greater effects ('super-responders'). However, there were also some that showed very little benefit, gaining weight during the study. The visualization of this data clearly indicates opportunities for PGx to provide insights into the variable response seen in different patient subgroups.
Data such as these show that phase II studies are sufficiently sized to generate PGx hypotheses that can be used to influence subsequent development approaches for candidate medicines. The data can be replicated and further refined in subsequent phase IIb or phase III studies.
(v) PGx of drug safety While there is ample evidence that medicines provide significant benefit in terms of mortality, morbidity and cost-effectiveness, it is unfortunately inevitable that ADRs are observed. Lazarou et al. (1998) estimated that ADRs caused approximately 106 000 deaths each year in the US. There is increasing evidence to show that genetic variations can predispose individuals to such ADRs. For example, Rau et al. (2004) demonstrated that when patients were treated with antidepressants, nearly 30% of those with ADRs were CYP2D6 poor metabolizers, a condition that is normally present in only 7% of Caucasians. In addition to establishing efficacy, a key objective of clinical development is to define the potential safety issues that might be associated with a new medicine, so that the risk/benefit of the medicine can be assessed.
Mitigating risk in development. Although the full safety profile of a medicine cannot be established until it is in widespread use after launch, potential safety signals can be apparent in early phase II studies, and can have a significant (negative) impact on the risk for further development. For example, if reversible changes in liver function tests are seen in a small subset of patients in a phase II study, it can be difficult to assess the importance of this. Many valuable and effective medicines have a small impact on liver function but, on the other hand, a number of medicines Kohno et al. (1999) and Okamura et al. (1999) 
have failed either in late development or after launch due to a subset of patients who exhibit these liver function changes and subsequently develop severe liver failure. If high risk patients could be identified before starting the drug (e.g. with inexpensive genetic screening), the overall safety of a medicine in use would increase considerably and the abrupt abandonment of drugs at later stages of development could be avoided. PGx is expected to greatly illuminate the basis of safety concerns such as liver function changes seen during drug development. For example, in recent clinical studies on tranilast (a product under development for reducing restenosis after coronary angioplasty), some 8% of individuals showed an increase in unconjugated serum bilirubin, although this dissipated on termination of drug treatment. This phenotype showed some similarity to Gilbert's syndrome, a wellrecognized condition characterized by episodic increases in unconjugated bilirubin but not associated with any long-term impact on liver functioning.
Genetic analysis of Gilbert's syndrome patients has established a strong genetic susceptibility marker in the promoter of the gene UGT-1A, where a variable TA repeat is located. 'Wild-type' activity is associated with six copies of the TA repeat, whereas seven copies of the TA repeat is associated with reduced expression of UGT-1A and increased propensity to Gilbert's syndrome. Figure 4 shows the result of an association analysis studying bilirubin levels as phenotype in the tranilasttreated subjects. There is a highly significant association between the TA repeat genotype and the likelihood of developing increased levels of bilirubin after treatment with tranilast. This strongly supports the hypothesis that the observed hyperbilirubinaemia can be described as a tranilast-induced Gilbert's syndrome.
As the elevated bilirubin could be ascribed to a wellknown, benign syndrome, with no evidence for progression to serious liver disease, the likelihood that this safety signal with tranilast could lead to serious liver complications was significantly reduced. A similar clinical observation (i.e. elevated unconjugated bilirubin in a subset of patients) has also been seen in studies with atazanavir (BMS) and the phenotype in this example was also strongly associated with the UGT-1A promoter polymorphism, suggesting a similar basis for the clinical observation.
In summary, these results not only show how PGx can provide insights into safety signals that may become apparent at phase II but also underscore the role of PGx in providing information to help research and development decision-making. This use of PGx data will be critical in facilitating the rational development of new medicines by pharmaceutical companies.
Significant numbers of samples were available from phase III studies with tranilast (where elevated bilirubin was also seen in a small percentage of subjects) and this dataset has provided significant information on the power of genetic data to identify PGx signals and to provide insights into other aspects of experimental design. For example, perhaps not surprisingly, greater power can be obtained by increasing the number of controls, while keeping the number of cases constant. Perhaps more surprising is that epidemiological controls from an unrelated (although ethnically analogous) population can be as effective as the matched controls from the phase III study sites. This is particularly true if genomic control measurements ( 
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Rosenberg 1999) are performed to document and correct for stratification in the samples. Remarkably, it is clear in this example that, using a sufficient number of controls, as few as 10 cases of hyperbilirubinaemia would be needed to establish a positive association with the UGT-1A promoter polymorphism-findings which will help immensely in the design of future PGx experiments (Danoff et al. 2004 ).
(vi) Post-launch PGx and adverse events Much PGx discussion has focused on the contribution of PGx to understanding rare AEs. Because there are clearly fewer cases of such AEs, it is unlikely that the approaches described above, that is, the selection of cases from a clinical trial population using the remainder of the cohort as controls, is viable; sufficient cases may only be reported once a medicine is registered and more widely available. In this case, retrospective collection of both cases and controls may be required and various approaches are being investigated to expedite efficient collection of such cases and controls to allow PGx analysis. The studies on hypersensitivity reaction (HSR) to abacavir (ABC) have been used as proof of (i) the feasibility of retrospective case/control approaches where the number of cases (rare AEs) is comparatively small and (ii) the feasibility of genome-wide association studies. HSR affects approximately 4% of subjects with HIV who are treated with ABC and, while the clinical sequelae can be serious, rigorous clinical management of HIV subjects has prevented significant mortality due to this AE. DNA was collected from subjects reporting HSR after exposure to abacavir and from matched controls with no HSR symptoms after abacavir treatment. Genotyping included both candidate gene and genome-wide SNP association approaches.
Candidate gene analysis identified a position in the human leucocyte antigen (HLA) region on chromosome 6 with a strong association with HSR (Hetherington et al. 2002) . This finding has been confirmed by at least two other laboratories. The association between markers in the HLA region is strong in Caucasians, weaker in Hispanics and cannot be detected in Blacks. Work to analyse the genomewide association data is being finalized and will be reported in the near future.
Studies have also reported on genetic associations with Stevens Johnson Syndrome (SJS), a rare, serious cutaneous reaction that is occasionally seen in response to a range of medicines (Chung et al. 2004) . The finding that the marker HLA-B*1502 is strongly associated with carbamazepine-induced SJS in the Taiwanese population is another indication that PGx technology can provide significant new insights into the basis of such rare adverse events.
This section has listed an increasing number of studies-HSR to abacavir, SJS in response to carbamazepine, hyperbilirubinaemia in response to tranilast-that have established robust PGx associations with only a few tens of adverse event cases. While this may reflect the genetic 'truism' that the rarer an event, the more likely there is to be a strong genetic component, it underlines the power of this technology to provide insights that were previously difficult-if not impossible-to obtain with other methods.
These studies have led to several findings. Firstly, retrospective case/control PGx studies on AEs are certainly feasible, although care must be taken to define the phenotype with great accuracy. Phenotype collection is arguably the most critical part of any genetics study and it may be difficult to collect sufficient detail for AEs observed away from the controlled, monitored clinical trial environment. Secondly, findings in one ethnic group are not necessarily applicable to others. It is unclear at this stage whether this is due to different genetic architecture at the same locus or different aetiology of the AE, but resolution of this issue is important for moving forward.
Taking the physicians' point of view, they repeatedly face the same dilemma each day: what is the right drug and what is the right starting dose for this patient? Medical training and clinical experience has taught the physician some of the important parameters that influence this decision, including the patient's age, sex, race, compliance and level of anxiety. However, as every physician knows, prescribing medications is a combination of clinical arts and inexact sciences, leading to an often bewildering variety of outcomes across a group of patients. At times, physicians may be overwhelmed by the complexity and unpredictability of a patient's response to a medication. The solution to this trial and error prescribing lies in increasing our knowledge on the causes of variable responses and side effects. A paradigm shift will need to occur in the way physicians prescribe medicines. In the coming years, automated-and progressively more inexpensivegenotyping will provide the physician with increasing amounts of information regarding how a given patient will react to a particular medication. However, most of this information will arrive as probabilities, particularly in predictions of efficacy, because of the interactions between multiple genetic and environmental determinants. This type of information may be new to physicians more used to the (admittedly spurious) binary nature of most diagnostic decisions. Physician training may need to progress to include new topics on pharmacogenetics, with input from not only pharmacology and genetics, but also from statistics, epidemiology and genetic counselling. Building on the experience of other parts of medicine-such as cardiovascular risk assessment-where estimation and communication of risk has been central for a number of years will be critical to avoid re-inventing too many wheels.
The examples given above show the potential of PGx to influence the development of new medicines and their use. When the technology is fully mature, integrated into drug development processes and incorporated into clinical practice we would expect that: † The rate of delivery of new medicines through pharmaceutical research and development will increase, utilizing a greater understanding of safety issues and defining genetically defined patient groups in which a compound is effective. † The effectiveness of these medicines in clinical use will be similarly enhanced. † High-risk individuals can be directed towards alternative therapies, reducing the mortality and morbidity associated with AEs.
The development of PGx and other technologies applicable to 'personalization' of medicines is proceeding at such a pace that it is not a matter of 'if' these technologies impact on medicine prescription, but 'when'-and to what extent (Lesko & Woodcock 2004) . Although these transformations will make better use of resources, both by healthcare providers and pharmaceutical companies, it is the lives of patients that will see the most significant differences resulting from these developments.
